Introduction {#sec1}
============

Cancer is the second leading cause of morbidity and mortality worldwide, with an estimated 18.1 million new cases and 9.6 million cancer deaths in 2018 alone ([@bib1]). However, evidence suggests that over 40% of cancer deaths could be prevented through changes in lifestyles, including diet ([@bib2]). Higher intake of some foods, and dietary factors such as alcohol, processed and red meat, or saturated fat, may increase cancer risk, whereas calcium, dietary fiber, tea, or coffee were associated with lower risk of colorectal and other cancers ([@bib3], [@bib4]). During past decades, numerous studies have observed an inverse relation between consumption of produce and death from major chronic diseases, including cancer ([@bib5]), and thus placed insufficient fruit and vegetable intake into the top 10 risk factors of global mortality ([@bib6]). Certain subgroups of processed fruits and vegetables may have specific impacts on cancer risk, however. For instance, consumption of salted and pickled fruits and vegetables was associated with increased risk of esophageal and gastric cancers ([@bib7], [@bib8]), whereas intake of cooked, rather than raw, tomatoes was attributed to decreased risk of prostate cancer (PCa) ([@bib9]). It was argued ([@bib10]) that consideration of food processing in epidemiological studies may assist better understanding of links between food and health.

Drying is one of the most ancient technologies of food preservation. For example, the Bible mentions raisins, dates, and figs, thus providing a testament to their ancient production and use in the Mediterranean region ([@bib11]). In modern populations, dried fruits represent a relatively small proportion of human diets, which is more significant in hot, dry climates. Both the general public and research community in Western countries generally perceive dried fruits as a less attractive, albeit shelf-stable, equivalent to fresh fruits ([@bib12]). High sugar content, loss of vitamins and other unstable nutrients, as well as potential presence of contaminants, may be viewed as detrimental, unhealthy attributes of traditional dried fruits, when compared to their raw counterparts. For instance, mycotoxins have been implicated in a few adverse health effects, including carcinogenesis ([@bib13], [@bib14]). On the other hand, several clinical ([@bib15], [@bib16]) and laboratory ([@bib17]) intervention studies reported the protective effects of dehydrated fruits against progression of some cancers. In addition, a number of human intervention studies established that intake of dried fruits can decrease excessive weight ([@bib20]), inflammation ([@bib21]), or hyperglycemia ([@bib22]), which are recognized risk factors of cancer.

The overwhelming majority of observational studies establishing health effects of diets customarily place dried fruits into the same category with raw fruits or do not mention dried fruits at all. No studies explicitly focused on fruit dehydration as a potential determinant of cancer risk in consumers. Furthermore, in a significant number of publications that consider importance of dietary dried fruits to human health \[see, for example, the most recent collection of reviews on biological effects of dried fruits ([@bib23])\], discussions of the potential dried fruit--cancer relations are based on laboratory data obtained in animal models or cell culture only, and any appraisal of available data from epidemiological studies is lacking. Given continuously growing attention of both the scientific community and the general public to nutritional aspects of health, there is clearly a need for an up-to-date summary of cancer risk effects of a popular snack: dried fruits.

To address the knowledge gap, we performed a systematic review, with the objectives being *1*) to conduct an exhaustive search of available published studies that linked dehydrated fruit intake and cancer-related outcomes in humans and to map out the characteristics and findings of the identified studies; *2*) to ascertain knowledge gaps and limitations of the existing literature and to propose recommendations for advancing the field to make it informative to health practitioners and consumers.

Dried fruits in human diets {#sec1-1}
---------------------------

Traditional and modern food technologies offer a broad variety of products made with the use of fruit dehydration processes. There are several commonly recognized categories of such products: traditional dried fruits (raisins, prunes, dates, dried figs)sweetened dried fruits (dried cranberries, candied pineapple)desiccated fruits (freeze-dried berries)fruit/vegetable powders (tomato powder, chili pepper powder)evaporated juices and pulps (juice concentrates, fruit leather, tomato paste)sweetened evaporated juices and pulps (fruit preserves, jams)deep-fried fruits (banana chips)

Food items that are commonly recognized as traditional dried fruits are chiefly defined as whole or cut fruits that were dehydrated following a heat-assisted process, such as by sun drying or rack drying with heated air. These include raisins, prunes, and figs. Dates are also included, even though some varieties are not dried but still have naturally low moisture content. Less commonly recognized forms of dried fruit include dehydrated vegetables (dried peppers or tomatoes), whereas sugar-sweetened dehydrated fruits and evaporated fruit juices, dehydrated products with very low moisture content, are not considered traditional dried fruits. These, as well as rehydrated products, such as "prune juice" or reconstituted tomato paste, escape being categorized as "dried fruit" in dietary questionnaires and trade statistics, even though they share many unique chemical signatures with traditionally dried fruits.

The most commonly consumed types of traditional dried fruit are listed in [**Table 1**](#tbl1){ref-type="table"}. The production values in [Table 1](#tbl1){ref-type="table"} are based on traceable data from official trade reports and thus may significantly underestimate the actual production volumes. For example, the world date palm crop estimate is over 8 million metric tons ([@bib26]), providing for the largest dried fruit production by far. However, only about 12% of harvested dates are conditioned for trade and are included in official statistics, whereas the rest are used for making syrup, stock feed, protective coatings, or local consumption. Naturally, the highest per capita consumption of dried fruits is found in the North Africa/Middle East region, the chief date palm growing area. Thus, per capita consumption of dates in some Arabic countries may exceed 30 kg/y ([@bib27]). For comparison, in the United States, only about 7% of general population reported daily consumption of traditional dried fruits ([@bib28]). Europeans consume dried fruit only occasionally as well, with over half of respondents in some countries, such as the Netherlands, claiming they never eat dried fruit, although they might regularly consume products containing dried fruits, such as cereals or cookies ([@bib29]). Vegetarians, as might be expected, consume dried fruits more often than nonvegetarians ([@bib30]). In Western countries, the variety of consumed dried fruits is diversified, with raisins keeping the lead ([Table 1](#tbl1){ref-type="table"}). Interestingly, some fruits, such as dates and figs, are eaten almost entirely in dried form in the nonproducing countries, and even more traditional for Westerners, plums and apricots are consumed preferentially as dried fruit. Not listed in [Table 1](#tbl1){ref-type="table"} are a large variety of other, less popular, dried fruits and berries (such as dried bananas, pears, mangoes, pineapples, strawberries, and so on), as well as sun-dried tomatoes, bell and chili peppers, which usually fall into the vegetable category. Although in Western tradition a tomato is considered a vegetable, botanically it is a fruit, with sugar content (over 50% glucose plus fructose, per dry weight in ripe tomatoes) comparable to most conventional fruits. The global production of tomato spray-dried powder is 50,000 metric tons/y ([@bib31]); however, it is used alternatingly with the more abundant tomato paste (global production is over 30 million metric tons/y) in preparation of tomato sauces, soups, or seasonings, and its contribution to specific tomato products is difficult to trace, with a few exceptions.

###### 

Market and consumption of major traditional dried fruits and their fresh counterparts^[1](#tb1fn1){ref-type="table-fn"}^

  Dried fruit conditioned for sale           Typical foods containing dry fruits           Annual world trade of dried fruits in 2017/18, metric tons   Annual US consumption of dried fruit in 2017, kg per capita ^[2](#tb1fn2){ref-type="table-fn"}^   Annual US consumption of fresh fruit in 2017, kg per capita
  ------------------------------------------ --------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------------------------------------------- -------------------------------------------------------------
  Raisins, sultanas, currants                Bakery, chocolates, snack bars and mixtures   1196,500                                                     0.60 (2.8)                                                                                        3.7 ^[3](#tb1fn3){ref-type="table-fn"}^
  Dates                                      Bakery                                        1025,000                                                     0.15 (0.2)                                                                                        ---
  Dried plums (prunes)                       Dishes, beverages                             242,670                                                      0.20 (1.1)                                                                                        0.29
  Dried apricots                             Leather, mixtures                             226,760                                                      0.04 (0.2)                                                                                        0.05
  Dried figs                                 Pastries, snack bars                          135,400                                                      0.04 (0.1)                                                                                        ≤0.01
  Dried apples                               Cereal and snack mixtures, beverages          ≤2% of total apple production                                0.07 (0.5)                                                                                        8.0
  Dried peaches                              Bakery, snacks                                ∼1% of total peach production                                0.015 (0.1)                                                                                       1.3
  Total^[4](#tb1fn4){ref-type="table-fn"}^    ---                                          2826,000                                                     1.12 (4.5)                                                                                        53.1

^1^Data sources: International Nut & Dried Fruit Council ([@bib24]) and the USDA ([@bib25]).

^2^Fresh fruit equivalents, estimated for consumed dried fruit using the USDA conversion factors, are given in parentheses.

^3^Grapes.

^4^Excluding tomatoes and peppers.

FFQs may not contain all of the dehydrated fruit categories that are mentioned above. For example, the FFQ employed in the Nurses' Health Study (NHS) ([@bib32]) contains items from 4 such categories: a. (raisins, prunes, mixed dried fruit), b. (dried cranberries), e. (tomato sauce, ketchup, red chili sauce), and f. (jams, preserves). Representatives of only 2 categories, a. (traditional dried fruits) and e. (tomato paste and foods prepared with its use), have been specifically examined in epidemiological studies as nutritional factors for cancer risk. Thus, tomato products have been a focus of many observational studies on the relation between consumption of tomato-based foods and PCa risk or mortality, possibly because of the protective effects of tomato lycopene and other chemical species. These studies have been summarized in a number of conceptual and systematic reviews ([@bib9], [@bib33]). For this reason, and also because a large proportion of tomato-based products contain cooked, rather than dehydrated, tomatoes, we did not include such studies in the main focus of this review. Finally, representatives of category c. (freeze-dried black raspberries, strawberries, and grapes) have been tested as therapeutic agents against progression of tumorigenesis in clinical trials only ([@bib15], [@bib16]).

To sum up, dried fruits constitute a relatively small but significant part of the human diet, with considerable variations across cultural traditions and geographical regions of the world. Assessed frequency and amounts of dehydrated fruit intake are generally underestimated, because of restriction of the "consumed dried fruit" definition to the traditional dried fruits that the respondents recall "putting hands on."

Methods {#sec2}
=======

To select a suitable methodological approach for this review, the following research question was formulated: What is the extent of epidemiological literature reporting on the relations between dried fruit intake and cancer-related outcomes, including development of precancerous lesions, cancer incidence, and mortality in humans? The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework has been developed for systematic reviews to help answer such questions ([@bib40]). This approach assumes a few key steps after formulation of the research question, including identification and selection of relevant studies, charting data, presenting summarized results, and discussion of the results, their limitations, and future research.

Search strategy and study selection {#sec2-1}
-----------------------------------

One author (VVM) conducted a systematic literature search in OVID (integrates Biological Abstracts, Cochrane Library, Embase, Medline, Ovid Journals), SciFinder (integrates Chemical Abstracts Plus and Medline), and PubMed databases through January, 2019. The PICOS (Population, Intervention, Comparator, Outcome, Study design) approach ([@bib40]) was employed to formulate the search criteria and statements for the disease and outcome using the following keywords: "cancer," "neoplasia," "hyperplasia," "dysplasia"; for the intervention, search items such as "dried fruits," "dehydrated fruits," "raisins," "date palm fruits," "dried figs," "dried apricots," and "prunes" were used; the study design search involved the terms "epidemiology," "prospective," "observational," "cohort," "case-control," and their variants. An additional updating search run for papers published between January and April, 2019 was done during the manuscript revision phase. A reference list search from full-text articles (articles cited in the eligible papers and articles citing the eligible papers) was also performed. Google Scholar was employed to search entire article texts; only the most relevant 100 hits were screened. No date, language, or model quality restrictions were imposed. The following criteria were used for inclusion of a study: *1*) quantitatively evaluated the association between intake of dried fruit and a specific cancer outcome, including incidence of a precancerous condition and cancer incidence or mortality; *2*) observational studies done in human subjects of any age; *3*) publication in a journal article accessible in a full-text format. All citations were imported into the bibliographic manager EndNote (Thomson Reuters), and duplicate citations were removed by the software. Separation of records that were not scientific journal articles was performed at this stage. We initially obtained 772 returns from the OVID database search, Embase and PubMed provided 118 and 144 hits, respectively, and 742 returns came from the SciFinder database search. After exclusion of duplicates and references that did not meet the selection criteria, the number of potentially relevant studies narrowed to 45. We next examined the full text of these and excluded 29 papers that did not contain sufficient data on intake of traditional dried fruits separately from raw fruits or nuts, cited foods prepared by pickling dried fruits, or did not specifically relate dried fruit consumption to cancer. The search process is depicted in [**Figure 1**](#fig1){ref-type="fig"}.

![PRISMA flowchart of the study selection process.](nmz085fig1){#fig1}

To assess the quality of each study, we used the Newcastle-Ottawa Quality Assessment Scale ([@bib41]). The instrument consists of 3 domains indicating the study quality: selection (4 points), comparability (2 points), and outcome (3 points), with a maximal score of 9 points. Studies scoring 9--7, 6--4, and 3--0 points were rated as high-quality, moderate-quality, and low-quality studies, respectively.

Results {#sec3}
=======

An exhaustive search of databases allowed identification and selection of 16 publications ([@bib42]) that assessed relations between dried fruit consumption and risk of cancer or precancerous lesions in prospective cohort or case-control studies. In total, 12,732 cases were reported from 437,298 participants. General characteristics of selected studies are provided in [**Table 2**](#tbl2){ref-type="table"}. All included studies were published between 1985 and 2018, with 5 (31%) papers published within the last decade. One study ([@bib57]) was published in French and 15 papers were in English. The largest number of studies, 6 (37.5%), were conducted in the United States, followed by the Netherlands (3 publications) and Spain (2 studies). Asia and South America are the major geographic regions that did not contribute to the pool of selected papers.

###### 

Characteristics of selected studies

  Study characteristics (total *n *= 16)      Publications, *n* (%)   Participants per study range, *n*   Total participants across all studies, *n*
  ------------------------------------------- ----------------------- ----------------------------------- --------------------------------------------
  Year of publication                                                                                     
   Before 1990                                3 (19)                  1184--34,198                        35,382
   1990--1999                                 5 (31)                  357--120,852                        156,115
   2000--2009                                 3 (19)                  144--120,852                        121,581
   2010--2019                                 5 (31)                  212--182,145                        185,998
  Geographic region                                                                                       
   Mediterranean                              5 (31)                  144--708                            1887
   North Europe                               4 (25)                  585--120,852                        121,437
   North America                              6 (37.5)                1184--182,145                       220,345
   Australia                                  1 (6)                   357                                 357
  Study design                                                                                            
   Prospective cohort                         9 (56)                  1184--182,145                       341,197
   Case-control                               7 (44)                  144--708                            2829
  Type of dried fruit                                                                                     
   Combined dried fruit                       13 (81)                 212--120,852                        161,380
   Dried grapes                               2 (12.5)                144--357                            501
   Prunes                                     1 (6)                   182,145                             182,145
   Dried figs                                 1 (6)                   144                                 144
   Dates                                      1 (6)                   501                                 501
  Outcome                                                                                                 
   Overall cancer mortality                   1 (6)                   1184                                1184
   Bladder cancer incidence                   2 (12.5)                585--120,852                        121,437
   Breast cancer incidence                    1 (6)                   182,145                             182,145
   Colorectal cancer incidence                1 (6)                   501                                 501
   Colorectal polyps incidence                1 (6)                   2818                                2818
   Lung cancer incidence                      1 (6)                   34,198                              34,198
   Nasopharyngeal cancer incidence            1 (6)                   144                                 144
   Prostate cancer incidence                  3 (19)                  322--58,279                         72,601
   Pancreatic cancer incidence or mortality   2 (12.5)                357--34,198                         34,555
   Stomach cancer incidence                   3 (19)                  212--120,852                        121,772

The publications were comparably distributed between 2 study designs: prospective cohort and case-control. The total of traditional dried fruits was the most common intervention factor in observational studies (13 reports, 81%). Types of dried fruit reported as a separate category include raisins (2 studies), prunes, dates, and dried figs (1 study each).

There was a relatively broad variety of outcomes (10 in total) reported as endpoints in the studies. These included incidence of precancerous lesions (1 study), cancer incidence (14 studies, 88%), and overall cancer mortality (1 study). Most studies focused on cancers of the digestive system (9 studies, 56%), including stomach (3 studies), colon and rectum, pancreas, and bladder (2 studies each). Other sites included prostate, nasopharynx, lung, and breast.

Prospective studies {#sec3-1}
-------------------

Nine publications examined data from only 5 prospective studies: the Massachusetts Health Care Panel Study (1976--1980) ([@bib42]), the Adventist Health Study-1 (AHS-1, 1974--1982) ([@bib43]), the Adventist Health Study-2 (AHS-2, 2002--ongoing) ([@bib46]), the Netherlands Cohort Study (NLCS, 1986--1992) ([@bib47]), and the NHS (NHS-1 and NHS-2, 1976--ongoing) ([@bib50]), which included dried fruit as a separate intake category ([**Table 3**](#tbl3){ref-type="table"}). The number of participants in these studies varied broadly, ranging from 1184 subjects in the earliest study ([@bib42]) to 182,145 in the latest ([@bib50]). Three publications considered only men or women, whereas 6 papers included both men and women. Only 1 study ([@bib50]) considered intake of a specific dried fruit (prunes); the rest listed total dried fruit as a separate food variable. Seven ([@bib43], [@bib44], [@bib46]) out of 9 publications provided data for both dried and raw or total fruit in the same study. All but 1 ([@bib42]) publication were concerned with organ-specific cancers, including cancers of the prostate, stomach, pancreas, colon, breast, and lung, as well as urothelial cancers. Seven publications documented incidence of cancer or precancerous polyps as the outcome; the cancer mortality was reported in 2 works ([@bib42], [@bib43]). Analyses of the NLCS and NHS-1/2 data ([@bib47]) were performed by treating dried fruit intake as continuous variables, whereas the AHS-1/2 data ([@bib43]) were analyzed by categorizing subjects into quantile levels of dried fruit consumption. Such a limited number and high heterogeneity of the studies\' outcomes thus precluded their meta-analysis.

###### 

Summary of prospective cohort studies reporting on associations between dried fruit intake and cancer risk^1^

  Author, year (ref), study                                         Outcome                       Cohort/cases                                                                                Fruit type                          Intake frequency                                              Adjusted relative risk (95% CI)                                                                              Adjusted factors
  ----------------------------------------------------------------- ----------------------------- ------------------------------------------------------------------------------------------- ----------------------------------- ------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------
  Botterweck, 2001 ([@bib49]), NLCS                                 Stomach cancer incidence      120,852/282                                                                                 Dried fruitTotal fruit              Continuous variables, per 25 g/d                              0.54 (0.13, 2.23)0.98 (0.96, 1.01)                                                                           Age, sex, smoking, education, stomach disorders, history of stomach cancer, total vegetable consumption
  Mills, 1988 ([@bib43]), AHS-1                                     Pancreatic cancer deaths      34,198/40                                                                                   Raisins, dates, other dried fruit   \< 1/wk1--2/wk                                                10.47 (0.19, 1.15)                                                                                           Age, sex
                                                                                                                                                                                                                                  ≥ 3/wk                                                        0.35 (0.17, 0.73)                                                                                            
                                                                                                                                                                                                                                                                                                *P*-trend = 0.009                                                                                            
  Tantamango, 2011 ([@bib46]), AHS-1 and AHS-2                      Colorectal polyps incidence   2818/441                                                                                    Dried fruit                         \< 1/wk1--2/wk                                                10.77 (0.59, 1.01)                                                                                           Age, sex, BMI
                                                                                                                                                                                                                                  ≥ 3/wk                                                        0.76 (0.58, 0.98)                                                                                            
                                                                                                                                                                                                                                                                                                *P*-trend = 0.03                                                                                             
                                                                                                                                                                                              Fresh noncitrus fruit               \< 1/wk                                                       1                                                                                                            
                                                                                                                                                                                                                                  1--2/wk                                                       0.85 (0.63, 1.17)                                                                                            
                                                                                                                                                                                                                                  ≥ 3/wk                                                        0.82 (0.62, 1.08)                                                                                            
                                                                                                                                                                                                                                                                                                *P*-trend = 0.18                                                                                             
  Zeegers, 2001 ([@bib48]), NLCS                                    Urothelial cancer incidence   120,852/569                                                                                 Raisins, other dried fruit          Continuous variables, per 25 g/d                              0.37 (0.10, 1.43)                                                                                            Age, sex, number of cigarettes per day, years of smoking, total vegetable consumption
                                                                                                                                                                                              Total fruit                                                                                       0.99 (0.96, 1.01)                                                                                            
  Mills, 1989 ([@bib44]), AHS-1                                     Prostate cancer incidence     14,000/180                                                                                  Raisins, dates, other dried fruit   \< 1/wk1--4/wk                                                10.96 (0.68, 1.36)                                                                                           Age
                                                                                                                                                                                                                                  ≥ 5/wk                                                        0.51 (0.31, 0.85)                                                                                            
                                                                                                                                                                                                                                                                                                *P*-trend = 0.01                                                                                             
                                                                                                                                                                                              Fresh noncitrus fruit               \< 1/wk                                                       1                                                                                                            
                                                                                                                                                                                                                                  1--4/wk                                                       0.79 (0.52, 1.19)                                                                                            
                                                                                                                                                                                                                                  ≥ 5/wk                                                        0.78 (0.50, 1.20)                                                                                            
                                                                                                                                                                                                                                                                                                *P*-trend = 0.45                                                                                             
  Schuurman, 1998 ([@bib47]), NLCS                                  PCa incidence                 58,279/642                                                                                  Raisins, other dried fruit          Continuous variables, per 25 g/d                              0.52 (0.20, 1.39)                                                                                            Age, family history of PCa, socioeconomic status, total vegetable consumption
                                                                                                                                                                                              Total fruit                                                                                       1.01 (0.99, 1.04)                                                                                            
  Fraser, 1991 ([@bib45]), AHS-1                                    Lung cancer incidence         34,198/61                                                                                   Raisins, dates, other dried fruit   \< 3/wk≥ 3/wk                                                 10.89 (0.50, 1.60)                                                                                           Age, sex, smoking
                                                                                                                                                                                              Fresh noncitrus fruit               \< 3/wk                                                       1                                                                                                            
                                                                                                                                                                                                                                  ≥ 3/wk                                                        0.73 (0.43, 1.26)                                                                                            
  Farvid, 2019 ([@bib50]), NHS-1 and NHS-2                          Breast cancer incidence       182,145/7,464^[2](#tb3fn1){ref-type="table-fn"}^/1,794^[3](#tb3fn2){ref-type="table-fn"}^   Prunes                              Continuous variables, per 2 servings/wk or per 2 servings/d   1.02 (0.97, 1.08) ^[2](#tb3fn2){ref-type="table-fn"}^0.94 (0.81, 1.08) ^[3](#tb3fn3){ref-type="table-fn"}^   Age, family history of breast cancer, height, smoking, BMI, physical activity, alcohol, total energy, fiber consumption, and more
                                                                                                                                                                                              Total fruit                                                                                       0.94 (0.88, 1.01) ^[2](#tb3fn2){ref-type="table-fn"}^                                                        
                                                                                                                                                                                                                                                                                                0.90 (0.79, 1.03) ^[3](#tb3fn3){ref-type="table-fn"}^                                                        
  Colditz, 1985 ([@bib42]), Massachusetts Health Care Panel Study   Cancer deaths                 1184/42                                                                                     Dried fruits                        \< 1/wk≥ 1/wk                                                 10.6 (0.3, 1.4)                                                                                              Age

^1^AHS, Adventist Health Study; NHS, Nurses' Health Study; NLCS, Netherlands Cohort Study; NPC, nasopharyngeal cancer; PCa, prostate cancer; ref, reference.

^2^Estrogen receptor-positive breast cancer.

^3^Estrogen receptor-negative breast cancer.

The key findings from the prospective studies can be summarized as follows: Eight (89%) publications reported an inverse relation between total dried fruit consumption and cancer incidence or mortality, but the associations were significant (*P*-trend \< 0.03) in only 3 studies ([@bib43], [@bib44], [@bib46]). The relative cancer risk reductions associated with dried fruit intake were in the range 24--65%. In 1 study ([@bib50]), the association was null.Three publications reported dose-response for associations between dried fruit intake and mortality from pancreatic cancer ([@bib43]), incidence of PCa ([@bib44]), or incidence of precancerous colorectal polyps ([@bib46]).In 5 ([@bib44], [@bib46]) out of 7 studies that reported data for both dried and raw (or total) fruit consumption, the intake of dried fruits demonstrated stronger protective associations, compared to the associations between raw (or total) fruit intake and cancer, none of which were significant.

Assessment of study quality (**[Supplemental Table 1](#sup1){ref-type="supplementary-material"}**) indicates that the selected cohort studies have a rather low risk of bias: all studies scored 7 or 8 on the Newcastle-Ottawa scale, with mean \[median\] score 7.7 \[8\]. The lowest contribution to the quality score was from the Representativeness of the Exposed Cohort item; thus the selection of participants was the most common quality risk factor in these studies.

Case-control studies {#sec3-2}
--------------------

Seven case-control studies, with a total of 1217 cases of cancer, reported on associations between dried fruit intake and cancer risk. The number of participants in each study varied between 144 and 708. The studies were conducted in Australia ([@bib56]), Belgium ([@bib51]), and the Mediterranean region ([@bib52], [@bib57]), between 1984 and 2015. The case-control studies focused on cancers in 6 different cancer sites: stomach ([@bib52], [@bib53]), colon ([@bib55]), bladder ([@bib51]), pancreas ([@bib56]), prostate ([@bib54]), and nasopharynx ([@bib57]), and, in 3 studies, reported on specific dried fruit: raisins ([@bib56], [@bib57]), dried figs ([@bib57]), and dates ([@bib55]). The studies are also summarized in [**Table 4**](#tbl4){ref-type="table"}.

###### 

Summary of case-control studies evaluating the relations between dried fruit intake and cancer risk

  Author (reference), country        Years of study   Outcome                           Cases/controls   Fruit type           Intake frequency           Adjusted OR (95% CI)                                     Adjusted factors
  ---------------------------------- ---------------- --------------------------------- ---------------- -------------------- -------------------------- -------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------
  Gonzalez ([@bib53]), Spain         1987--1989       Stomach cancer incidence          354/354          Dried fruit                                     0.4 (0.2, 0.8)                                           Age, sex, area of residence, total calories, all food groups
                                                                                                         Fresh fruit                                     0.7 (0.4, 1.2)                                           
  Yassibas ([@bib52]), Turkey        2008--2009       Stomach cancer incidence          106/106          Dried fruit          \<1/mo1--2 wk\>1/d         10.22 (0.08, 0.64)0.041 (0.007, 0.236)                   Sex, residence, education, smoking, alcohol consumption, familial history of cancer or gastric cancer
                                                                                                                                                         *P*-trend = 0.002                                        
                                                                                                         Fresh fruit          \<1/mo                     1                                                        
                                                                                                                              1--2/wk                    0.166 (0.012, 2.20)                                      
                                                                                                                              \>1/d                      0.282 (0.027, 2.97)                                      
                                                                                                                                                         *P*-trend = 0.62                                         
  Baghurst ([@bib56]), Australia     1984--1987       Pancreatic cancer                 104/253          Dried grapes                                    \< 1                                                     
                                                                                                                                                         *P *\< 0.01                                              
  Tayyem ([@bib55]), Jordan          2010--2012       Colorectal cancer incidence       220/281          Dates                ≤1/wk3--4/wk1/d            10.68 (0.30, 1.53)0.482 (0.27, 0.86) *P*-trend = 0.004   Age, sex, total energy, metabolic equivalent min/wk, tobacco use, education level, marital status, work, income, family history of colorectal cancer
                                                                                                         Other dried fruits   ≤1/wk2/wk                  1 4.13 (0.40, 42.9)                                      
                                                                                                                              3--4/wk                    1.19 (0.21, 6.86)                                        
                                                                                                                                                         *P*-trend = 0.864                                        
                                                                                                         All fruits           ≤1/d                       1                                                        
                                                                                                                              3/d                        1.00 (0.48, 2.07)                                        
                                                                                                                              5/d                        0.97 (0.22, 4.47)                                        
                                                                                                                                                         *P*-trend = 0.23                                         
  Kellen ([@bib51]), Belgium         1999--2004       Bladder cancer incidence          200/385          Dried fruit          \<1 g/d1--1.9 g/d\>2 g/d   10.64 (0.26, 1.54)0.60 (0.34, 1.04)                      Age, sex, smoking status, occupational exposure to polyaromatic hydrocarbons or aromatic amines
                                                                                                                                                         *P*-trend = 0.05                                         
                                                                                                         Total fruit          \<189 g/d                  1                                                        
                                                                                                                              189--360 g/d               0.63 (0.40, 1.00)                                        
                                                                                                                              \>360 g/d                  0.61 (0.37, 0.99)                                        
                                                                                                                                                         *P*-trend = 0.03                                         
  Alvarez-Cubero ([@bib54]), Spain   2012--2015       Prostate cancer incidence         161/161          Dried fruit                                     0.79 (0.59, 1.06)                                        
  Laouamri ([@bib57]), Algeria       1994--1997       Nasopharyngeal cancer incidence   72/72            Raisins                                         0.24 (0.08, 0.67)                                        
                                                                                                         Dried figs                                      2.66 (1.08, 6.54)                                        

Key findings from the case-control studies can be summarized as follows: All 7 studies reported an inverse association between consumption of total dried fruit ([@bib51]), raisins ([@bib56], [@bib57]), or dates ([@bib55]) and cancer incidence, with the OR values for the highest compared with the lowest quantiles falling into the range 0.041--0.79, but the associations were significant in only 5 studies ([@bib52], [@bib53], [@bib55]).One study ([@bib57]) reported a significant detrimental association between consumption of dried figs and incidence of nasopharyngeal cancer (NPC) (OR = 2.66).Four studies also determined the inverse associations between consumption of fresh or total fruits and cancer incidence. Of these, 3 ([@bib52], [@bib53], [@bib55]) reported that the protective associations were stronger for intake of dried fruits, compared to raw fruit consumption; in 1 instance ([@bib51]), strengths of the associations were similar.

With mean \[median\] score 5.3 \[6\] on the Newcastle-Ottawa scale (**[Supplemental Table 2](#sup1){ref-type="supplementary-material"}**), the study quality of the selected case-control studies was notably lower than the quality of the cohort studies. One case-control study ([@bib57]) was judged to have high risk of bias, whereas 2 studies ([@bib51], [@bib53]) fared well, scoring 7 points each on the scale. The most common sources of potential bias in the case-control studies were lack of information about nonresponse rate and history of cancer disease in controls, as well as lack of blinded ascertainment of dietary exposure.

Stomach cancer {#sec3-3}
--------------

One cohort ([@bib49]) and 2 case-control studies ([@bib52], [@bib53]) investigated the associations between dried fruit intake and incidence of stomach cancer in the Netherlands, Spain, and Turkey. All 3 studies reported inverse associations between gastric cancer risk and consumption of dried fruits. Whereas in the NLCS study ([@bib49]) the association was suggestive (RR for continuous variables, per 25 g: 0.54; 95% CI: 0.13, 2.23), both case-control studies indicated strong and significant protective effects of dried fruits, with OR for the highest compared with lowest quantile 0.4 \[95% CI: 0.2, 0.8; no *P*-trend reported; ref. ([@bib53])\] and 0.041 \[95% CI: 0.007, 0.236; *P*-trend = 0.002; ref. ([@bib52])\]. All 3 studies reported data on the relations between total or fresh fruit intake and risk of stomach cancer as well. None of these studies determined that consumption of total/fresh fruit was significantly associated with the cancer risk ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}), however.

Pancreatic cancer {#sec3-4}
-----------------

In the 1980s, 1 cohort study ([@bib43]) and 1 case-control study ([@bib56]) examined the associations between consumption of raisins, other dried fruit and lethality from pancreatic cancer. In the California AHS ([@bib43]), a significant, 65% decrease in risk of dying from cancer of the pancreas was observed in subjects consuming 3 or more servings of dried fruit per week, compared to low-consumers or nonconsumers (RR for the highest compared with the lowest tertiles: 0.35; 95% CI: 0.17, 0.73; *P*-trend = 0.009). In the Australian case-control study ([@bib56]), consumers of dried grapes had a significantly lower risk of pancreatic cancer (*P* \< 0.01) as well. No data on total/fresh fruit intake were provided in these studies.

Colorectal cancer {#sec3-5}
-----------------

The association between dried fruit intake and incidence of precancerous colorectal polyps was evaluated in a subcohort of the AHS-1 participants who also agreed to participate in the AHS-2 ([@bib46]). Consumption of only 4 foods/food groups was inversely related to the polyps risk: cooked green vegetables, brown rice, legumes, and dried fruits. The calculated OR (considering the highest compared with the lowest tertiles) for the latter was 0.76 (95% CI: 0.58, 0.99; *P*-trend = 0.03). This work did not establish any significant associations between raw fruits (citrus, winter, or "other fruit") and incidence of colorectal polyps. Similar conclusions were drawn in a Jordanian case-control study ([@bib55]). After multivariate adjustments, no association was found between total fruit consumption and risk of colorectal cancer (OR: 0.97; 95% CI: 0.22, 4.47; *P*-trend = 0.23). However, there were inverse relations between consumption of dates (OR for the highest compared with the lowest quintile: 0.48; 95% CI: 0.27, 0.86; *P*-trend = 0.004) or figs (OR: 0.60; 95% CI: 0.34, 1.06; *P*-trend = 0.003) and the cancer risk.

Bladder cancer {#sec3-6}
--------------

One prospective cohort study ([@bib48]) and 1 case-control study ([@bib51]), carried out in the Netherlands and Belgium, reported suggestive, but not significant, inverse associations between dried fruit intake and incidence of bladder cancer \[RR for continuous variables: 0.37; 95% CI: 0.10, 1.43; ref. ([@bib48]) and OR for the highest compared with the lowest tertile 0.60; 95% CI: 0.34, 1.04; *P*-trend = 0.05; ref. ([@bib51])\].

Prostate cancer {#sec3-7}
---------------

The relation between consumption of dried fruits and incidence of PCa in men was considered in 2 prospective cohort studies ([@bib44], [@bib47]) and 1 Spanish case-control study ([@bib54]). A significant inverse association between dried fruit intake and incidence of PCa was established in the Adventist cohort ([@bib44]), with RR for the highest compared with the lowest tertile 0.62 (95% CI: 0.36, 1.06; *P*-trend = 0.06). In contrast, consumption of total fruit was not associated with PCa risk (RR: 1.07; 95% CI: 0.72, 1.58; *P*-trend = 0.37) in this study. The other 2 studies found suggestive, but not significant, associations between consumption of dried fruit and PCa ([Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}).

Other cancers {#sec3-8}
-------------

Three studies investigated the relations between consumption of dried fruits and incidence of other cancers, including lung ([@bib45]), breast ([@bib50]), and nasopharynx ([@bib57]). One cohort study ([@bib42]) examined the association between dried fruit intake and mortality from any cancer. Significant associations between dried fruit and NPC were reported in a small case-control study held in Algeria ([@bib57]): raisins displayed an inverse association (adjusted OR: 0.24; 95% CI: 0.08, 0.67; *P* = 0.01), whereas consumption of dried figs was associated with increased NPC incidence (OR: 2.66; 95% CI: 1.08, 6.54; *P* = 0.05). In the rest of the studies, the associations between dried fruit intake and cancer risk were not significant ([Table 3](#tbl3){ref-type="table"}).

Discussion {#sec4}
==========

This is, to the best of our knowledge, the first review to assess the relation between consumption of traditional dried fruits and risk of cancer based on existing epidemiological data. Previous laboratory and intervention studies suggested that dietary intake of dehydrated fruits could affect tumorigenesis through mechanisms, although not firmly established, likely attributed to changes in chemical composition of fruits during dehydration ([@bib15], [@bib18], [@bib33], [@bib58]). Two large cross-sectional studies ([@bib28], [@bib59]) based on the NHANES, established that dried fruit consumption was associated with healthier lifestyles and a variety of health parameters that are recognized as common risk factors in cancer, including adiposity, chronic inflammation, or glycemic control. Taken together, these findings lead to the question of whether dietary dried fruits could affect cancer risk in populations. We have identified 16 observational studies, published between 1985 and 2018, that relate dried fruit intake to cancer risk. However, differences in study designs, including study populations, preferences of dried fruit consumed across different geographical regions and cultures, and a broad variety of outcomes, made comparison of the results across the selected studies difficult. Thus, although this review describes the literature comprehensively, high heterogeneity of the studies prohibited interpretation of the data by meta-analysis.

Principal findings {#sec4-1}
------------------

Overall, data presented in this review indicate that increasing dried fruit consumption to 3--5 servings/wk may have health beneficial effects related to risk of certain cancers, including cancers of the pancreas, prostate, stomach, bladder, and colon. No such effect was found for lung or breast cancers. Another, and rather surprising, finding from the selected studies is that the associations between consumption of total/fresh fruits and cancer risk were generally weaker than the associations determined for dried fruit intake and cancer.

Strength of evidence {#sec4-2}
--------------------

One strength of the evidence presented by this review is consistency in directionality of the associations across the studies. Overall, the selected studies assessed 18 dried fruit intake--cancer risk associations, 39% (7 relations) of which were significantly protective and another 39% (7 relations) were suggestively inverse. Strong inverse associations were determined between dried fruit intake and pancreatic cancer \[65% decrease in risk of mortality at \>3 servings/wk ([@bib43])\], stomach cancer \[60--96% decrease in risk of incidence ([@bib52], [@bib53])\], or NPC \[76% decrease in incidence ([@bib57])\]. Only 1 relation, between dried fig intake and NPC incidence ([@bib57]), was appraised as potentially hazardous, but the study quality was rated as low.

Eleven (69% of a total 16) studies presented data for both dried and total/fresh fruit consumption, thus allowing for comparisons of the associations. In 8 studies (73% of the 11), the inverse associations between dried fruit intake and cancer risk were stronger than those found for total/fresh fruit, whereas in 3 studies (27%), the effects were comparable. Interestingly, in a cross-sectional study ([@bib60]), French researchers reported a significant reduction in risk of high BMI with increasing intake of dried fruit (OR: 0.60; 95% CI: 0.50, 0.83; *P-*trend \< 0.0001), but not total fruit (OR: 0.99; 95% CI: 0.80, 1.21; *P-*trend = 0.69). Consumption of dried, but not fresh, fruit was also inversely associated with high apoB, triacylglycerol, and fasting glucose concentrations (*P*-trend = 0.02, 0.01, and \< 0.0001, respectively) and positively associated with high lipoprotein(a) (*P*-trend = 0.02) in this study. On the other hand, the cancer protective effect of consumed dried fruits was established largely for cancers of the digestive system (9 studies, 56%). This observation concurs with results of recent clinical trials ([@bib61]), which demonstrated the preventive potential of dehydrated berries against progression of several cancers of the digestive tract. This "specificity of outcome" may serve as additional evidence in favor of dried fruit intake being a potentially protective dietary factor against cancer risk.

Six studies assessed dose--response effects of dried fruit consumption with cancer risk. The effect was significant (*P*-trend ≤ 0.05) in all 6 studies (100%), thus suggesting a biological gradient exists for the exposure. The trend is also in tune with a randomized clinical intervention study ([@bib16]), which demonstrated the dose-dependent protective effect of dried strawberry intake against progression of esophageal cancer.

Limitations {#sec4-3}
-----------

The main limitation of this systematic review is high heterogeneity of the reviewed studies, especially at the outcome level. There are 10 different outcomes reported in the 16 selected studies, including 8 cancer sites and just 1 study concerned with overall cancer, 3 levels of the disease, including precancerous lesions, incidence of confirmed cancer, and death from cancer. Some major types of cancers, such as hematological cancers, skin cancers, uterine cancers, or cancers of the central nervous system, have not been addressed in the literature. Three studies lack adjustment for any confounders and 3 studies adjust for age and sex only. This review also has methodological limitations: *1*) screening of the articles and data extraction were performed by 1 author only, so it is possible that some relevant articles were missed or that errors in data collection were made; *2*) there was no comprehensive search of literature other than journal articles, and there was no attempt to contact investigators of the original studies for additional data, so it is possible that there are more data on the associations between dried fruit intake and cancer risk that were omitted from this review; *3*) the risk of publication bias was not assessed because of the inability to perform a meta-analysis.

Comparison with other studies {#sec4-4}
-----------------------------

To the best of our knowledge, there have been no other reviews, systematic or narrative, summarizing data from epidemiological studies that examined the relations between dried fruit intake and cancer risk. Some of the papers relevant to the subject of this review are summaries of clinical trials assessing the effects of freeze-dried berries in patients with precancerous lesions ([@bib15], [@bib61], [@bib62]) and reviews of laboratory data obtained in animal and in vitro models of cancers ([@bib18], [@bib63], [@bib64]). The summaries from both clinical trials and laboratory models suggest the health beneficial effects of dried fruits in humans, but offer no comparison of the effects provided by dried and fresh fruits. A few reviews compared epidemiological data on the relations between intake of raw tomatoes or tomato products and PCa risk ([@bib34], [@bib65], [@bib66]). As mentioned earlier in this text, only a small proportion of tomato products are made of dehydrated tomato powder or dried tomatoes; therefore, the effects of dried tomatoes on the risk of PCa could not be characterized.

Knowledge gaps to address {#sec4-5}
-------------------------

To date, evidence concerning the impact of dried fruit consumption on risk of cancer in populations is sparse. We have identified only 16 publications that reported on associations between dried fruit intake and cancer incidence or mortality. For a comparison, there are over 100 currently recognized types of cancer. The modest number of identified publications reporting on dried fruits is also in stark contrast with hundreds of epidemiological studies and reviews that examined the relation between cancer risk and intake of raw or total fruits and vegetables. It is safe to argue that the data concerning the impact of dietary dried fruits on human health are very limited and, in the case of cancer, rare. Yet, dried fruits are customarily included as part of fruit lists in dietary recommendations concerning healthy lifestyles. What could be done to alleviate the current deficit of knowledge on the relation between dried fruit and health?

### Dried fruit characterization {#sec4-5-1}

The observation of a trend that the association between dried fruit intake and cancer risk is somewhat stronger than the association between raw fruit and the disease deserves further attention. What are the differences between dehydrated and raw fruits that would justify separation of the former into a distinct dietary category? A number of studies have demonstrated that fruits may undergo significant chemical changes upon their dehydration and storage ([@bib13], [@bib33], [@bib67]), giving rise to chemical species that may also distinguish dried fruits from their raw counterparts for a variety of biological effects, ranging from immunomodulation ([@bib68]) to insulin response ([@bib59]) to changes in gut microbiota composition and activity ([@bib69]). Analytical data on dehydration-specific products in dried fruits are scarce. More work is needed to accurately characterize dried fruit composition: in addition to traditional basic nutrients, it would be important to assess water-soluble fiber, fructosamine, and reactive carbonyl species content. This information needs to be further systematized, to identify candidate biomarkers of consumed dried fruits, as well as to provide a background for future mechanistic studies. For example, 5-hydroxymethylfurfural is a representative reactive carbonyl species and a candidate for universal biomarkers of the Maillard reaction, which is a hallmark of dehydrated foods. Chromatographic methods for determination of its major metabolites excreted in urine are available and have been applied in both laboratory studies and clinical trials ([@bib70]). However, a potential pitfall is that, besides dried fruits, there are other sources of dietary 5-hydroxymethylfurfural, including baked goods, honey and confectionery, juice, coffee, beer, wine, condiments, soy sauce, or vinegar ([@bib71]).

### Target populations {#sec4-5-2}

Dried fruits have been an essential part of Mediterranean and Mid-Eastern diets for millennia. Thus, they may have constituted an environmental factor, for which respective populations have developed adaptations at genomic level. It would be of interest to assess the impact of diminished dried fruit consumption on cancer risk in individuals of Mediterranean/Mid-Eastern origin. By the same logic, populations whose diets historically lacked dried fruit, may respond differently from populations with traditionally high intakes of these.

### Outcomes {#sec4-5-3}

The summary of studies' characteristics presented in [Table 2](#tbl2){ref-type="table"} displays a prohibitively thin distribution of the outcomes across the studies. Unarguably, existing data from a handful of observational studies is suboptimal to that needed to draw any solid conclusions about the impact of dietary dried fruit on specific cancer risk or human health in general. Helpful in closing the gap could be reassessment and analysis of available data from the California Adventist ([@bib72]), NCLS ([@bib73]), and NHS ([@bib74]) prospective cohort studies, and possibly other completed relevant prospective studies that contained dried fruit intake in the FFQ. Perhaps the best approach would be to examine these data by pooling the cohort studies, thus diminishing publication bias. Because each of the aforementioned prospective studies documented multiple health outcomes, databases of these studies could provide for assessing relations between consumption of dried fruits and risk of multiple cancer types, in addition to those few that have been published so far. Incorporation of the dried fruit category in diet questionnaires of already planned or ongoing epidemiological studies would benefit the field without the need for additional resources.

Although the effect of dried fruit intake on cancer risk could be addressed by randomized clinical studies, high cost and follow-up time limitations deem such studies unlikely. As exemplified by results of clinical trials testing the chemopreventive efficacy of dehydrated berries ([@bib15], [@bib16]), there is potential in conducting intervention studies where the outcome is a measure of cancer progression. Such studies would still be affected by the primary therapies. Another area of interest for future intervention studies would be determination of Dietary Inflammatory Index values ([@bib75]) for individual dried fruits.

### Mechanistic studies {#sec4-5-4}

Available comparative data on composition of fresh and dehydrated fruits suggest that dried fruits may contain equal or lower amounts of nutrients, but a higher content of reactive species resulting from thermal degradation and oxidation reactions occurring during dried fruit processing ([@bib33], [@bib76]), as well as microbial contaminants ([@bib13]). Some of these chemical species, which are characteristic of dried fruits, such as 5-hydroxymethylfurfural or mycotoxins, have been noted for potentially hazardous outcomes, including carcinogenesis, when tested individually ([@bib14], [@bib77]). Why then would the overall effect of dietary dried fruits tend toward decreased cancer risk? The dose--response relations for exogenous toxins are generally nonlinear and in most cases include regions of beneficial physiological impact, also known as the hormetic effects ([@bib78]). In regard to reactive agents from dried fruits, for example, ingestion of these at low doses may elicit mild and transient activation of physiological responses that can counteract chronic inflammation. These ideas need thorough verification in in vitro and preclinical settings to build a substantial knowledge base for future intervention and prospective observational studies.

In conclusion, the majority of prospective cohort and case-control studies that include data on relations between consumption of dried fruits and cancer suggest that increasing intake of dried fruits may lower risk of the disease. This conclusion, however, should be treated with great caution. There are only a limited number of cancer sites for which data are available, whereas an association of increased dried fruit consumption with healthier lifestyles implies that the dried fruit--cancer relation may not be necessarily causal. Yet, our analysis revealed a pattern that persists across the prospective, case-control, and cross-sectional studies and that suggests stronger health beneficial associations provided by dietary dried fruit compared to its raw equivalent. This conclusion is counterintuitive and deserves further attention. To date, a rather ambiguous recognition of dried fruit health benefits by the general population and by clinical and scientific communities may stem from lack of an adequate research base when it is not possible to make clear dietetic recommendations, although the available limited data look promising. Hence, future studies that *1*) pool and reanalyze with greater power existing data from different cohorts, to detect the associations between dried fruit intake and risk of cancers at sites other than those reported so far; *2*) assess cancer-related outcomes in response to controlled interventions in human subjects; *3*) accurately characterize dried fruit composition and identify metabolites and/or biomarkers specific for dried fruit intake; and*4*) elucidate relevant mechanisms in laboratory and clinical settings, will be helpful to establish whether there is true association between dietary dried fruits and cancer risk. Expanding the knowledge base would guide clinical practice, public health interventions targeting fruit and vegetable consumption for cancer reduction (particularly in populations with limited access to fresh produce), as well as recommendations for reducing the risk of cancer with healthy food choices.
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